Abstract: Flow-induced motion (FIM) performs well in energy conversion but has been barely investigated, particularly for prisms with sharp sections. Previous studies have proven that T-section prisms that undergo galloping branches with high amplitude are beneficial to energy conversions. The FIM experimental setup designed by Tianjin University (TJU) was improved to conduct a series of FIM responses and energy conversion tests on a T-section prism. Experimental results are presented and discussed, to reveal the complete FIM responses and power generation characteristics of the T-section prism under different load resistances and section aspect ratios. The main findings are summarized as follows. (1) Hard galloping (HG), soft galloping (SG), and critical galloping (CG) can be observed by varying load resistances. When the load resistances are low, HG occurs; otherwise, SG occurs. (2) In the galloping branch, the highest amplitude and the most stable oscillation cause high-quality electrical energy production by the generator. Therefore, the galloping branch is the best branch for harvesting energy. (3) In the galloping branch, as the load resistances decrease, the active power continually increases until the prism is suppressed from galloping to a vortex-induced vibration (VIV) lower branch with a maximum active power P harn of 21.23 W and a maximum η out of 20.2%. (4) Different section aspect ratios (α) can significantly influence the FIM responses and energy conversions of the T-section prism. For small aspect ratios, galloping is hardly observed in the complete responses, but the power generation efficiency (η out,0.8 = 27.44%) becomes larger in the galloping branch.
Introduction
The flow-induced motion (FIM) phenomenon [1] widely exists in the civil engineering field, and it can lead to the failure of oscillating structures such as solar receiver tubes [2] [3] [4] , long-span bridges [5] , parallel twin bridges [6] , offshore risers [7] , and aircraft [8] . Many early studies have devoted great efforts to the suppression [9, 10] of FIM. With the study of FIM increasing significantly [11] [12] [13] [14] , researchers [15] [16] [17] are gradually paying more attention to the potential of FIM energy. Many creative structures [18] [19] [20] have been proposed for exploiting this energy, especially for the vortex-induced vibration (VIV) [21] and galloping [22, 23] responses of FIM.
VIV occurs due to the alternating shedding of vortices from either side of the bluff cylinder [1] . Galloping occurs due to the forces acting on a prism as it is subjected to periodic variations in the angle of attack of the flow [24] . An isolated smooth circular cylinder can only undergo VIV, while galloping is rarely observed [25] . On the contrary, galloping is easily observed for non-circular-section prisms such as rectangular prisms, triangular prisms, and passive turbulence control (PTC) circular cylinders, etc.
There are some studies on rectangular prisms [26] [27] [28] [29] to measure the aerodynamic forces during unsteady galloping oscillations, and some studies report that the incident angle has a significant influence on the performance of prisms. Research on triangular prisms has concluded that the stability of galloping strongly depends on the incident flow orientation and on the aspect ratio, as well as on the mass and damping [30] [31] [32] [33] . In addition, two different types of galloping, soft galloping (SG) and hard galloping (HG), were first discovered during trials on PTC circular cylinders by Park [21] . SG is self-excited by VIV, and HG cannot be self-excited by VIV, but HG can be excited by external excitation at a high-flow velocity. Furthermore, Zhang, J. et al. [34, 35] also discovered the phenomenon of SG and HG in a study on triangular prisms, and pointed out two HG types: I-type HG and II-type HG. Subsequently, Lian, J. et al. [36] found that the VIV and galloping of the triangular prism in complete FIM responses depended on the damping, stiffness, and mass of the system, as well as the section of the prism.
Research on VIV and galloping with energy conversion targets has developed rapidly in recent years. FIM power generation equipment such as VIVACE (Vortex-Induced Vibration for Aquatic Clean Energy) was successively proposed and gradually optimized. By inventing the virtual damper spring system [37, 38] (V CK ) and the PTC [39] , Bernitsas et al., in the University of Michigan, carried out many experiments to further understand FIM responses and power generation for circular cylinders at high damping [37] , a high Reynolds number [21, 39, 40] , variable stiffness [41, 42] , and variable mass [41] , etc. It was found that a high Reynolds number, high damping, and low mass helped to improve power generation capacity and oscillation strength. In addition, non-cylindrical oscillators such as PTC cylinders performed with outstanding advantages in power generation due to the high amplitude of galloping.
At present, most researchers pay more attention to oscillators with regular cross-sections, such as cylinders, triangular prisms, square prisms, and rectangular prisms. However, less attention is paid to oscillators with irregular cross-sections, such as the T-section. Recently, FIM tests on T-section prisms were conducted in Tianjin University [43] ; the published study reported that T-section prisms also presented galloping responses. Actually, the T-section prism can be regarded as a simplified triangular prism with axisymmetric structures. Until now, previous studies on the FIM of T-section prisms have not been systematic, and have only focused on oscillation responses. The complete FIM responses and the power generation characteristics of T-section prisms have not been investigated systematically. In order to better understand the complete FIM responses and their power generation characteristics, a series of tests were conducted, specifically including the following three aspects:
(1) Experimental research on FIM responses to external forces were conducted to determine the complete FIM responses of T-section prisms;
(2) FIM power generation tests with different load resistances were carried out to investigate the power generation of the T-section prism in complete FIM responses; (3) In order to guide the optimization design of the prism, FIM responses and power generation tests at different section aspect ratios were conducted.
Experiment Setup

Water Channel and Calibration of Flow Velocity
All experiments were conducted in a recirculating water channel at the State Key Laboratory of Hydraulic Engineering Simulation and Safety (SKL-HESS) of Tianjin University (shown in Figure 1 ). The recirculating water channel consisted of a water tank, a variable frequency power pump, a 2-m wide flow channel, a bend flow channel, a contraction section, and a 1-m wide flow channel. The whole length was about 50 m. The water tank dimensions were 5 m (length) × 5 m (width) × 2 m (height). The channel was made out of transparent tempered glass and it was powered by a 90-kW variable frequency power pump with a maximum speed of 490 r/min. It could recirculate 200 cubic meters of fresh water at flow rates up to 2600 L/s. The frequency range of water pump was 0.0-50.0 Hz, controlled by a frequency conversion controller (FCC). In the 1-m wide flow channel, the velocity variation range was 0.0-1.8 m/s. The water depth was 1.34 m. In order to guarantee the authenticity of the results, two test instruments, a Pitot tube with a differential pressure transmitter and a propeller current meter [36] , were employed to measure the flow velocity. The accuracy of the differential pressure transmitter was within ±0.1% of 6 KPa, which was the linear available range, and the resolution was within 0.01% FS (Full Scale). All of the data were recorded over a time interval of 60 s at a 40 Hz sampling rate. The probes of the Pitot tube and the propeller were placed 1 m in front of the T-section prism.
All experiments were conducted using the TrSL3 (20,000 < Re < 300,000) flow regime [13] . This study covered a range of Reynolds numbers of 45,133 ≤ Re ≤ 116,396 (0.516 m/s ≤ U ≤ 1.332 m/s). In order to describe the incoming flow, the flow velocity and the turbulence were both analyzed. We conducted three tests with different flow velocities. The velocity profile and the turbulence profile of the recirculating water channel were taken at a 15-100-cm deep area of the test section, as shown in Figure 2 . In Figure 2a , the flow velocity near the bottom was smaller, due to viscous action. The average flow velocities in the vertical direction of three tests were 0.62 m/s, 0.84 m/s, and 1.22 m/s, respectively. The difference between the flow velocities in the oscillation range (40 cm-80 cm) was small. In Figure 2b , the turbulence grew as the flow velocity decreased and the depth increased. The average turbulences in the vertical direction of the three tests were 8%, 14%, and 24%, respectively. The difference in the turbulence in the oscillation range (40 cm-80 cm) was small as well. In a word, it could be ensured that the incoming flow in the oscillation range of the prism was a uniform flow. In order to guarantee the authenticity of the results, two test instruments, a Pitot tube with a differential pressure transmitter and a propeller current meter [36] , were employed to measure the flow velocity. The accuracy of the differential pressure transmitter was within ±0.1% of 6 KPa, which was the linear available range, and the resolution was within 0.01% FS (Full Scale). All of the data were recorded over a time interval of 60 s at a 40 Hz sampling rate. The probes of the Pitot tube and the propeller were placed 1 m in front of the T-section prism.
All experiments were conducted using the TrSL3 (20,000 < Re < 300,000) flow regime [13] . This study covered a range of Reynolds numbers of 45,133 ≤ Re ≤ 116,396 (0.516 m/s ≤ U ≤ 1.332 m/s). In order to describe the incoming flow, the flow velocity and the turbulence were both analyzed. We conducted three tests with different flow velocities. The velocity profile and the turbulence profile of the recirculating water channel were taken at a 15-100-cm deep area of the test section, as shown in Figure 2 . In Figure 2a , the flow velocity near the bottom was smaller, due to viscous action. The average flow velocities in the vertical direction of three tests were 0.62 m/s, 0.84 m/s, and 1.22 m/s, respectively. The difference between the flow velocities in the oscillation range (40 cm-80 cm) was small. In Figure 2b , the turbulence grew as the flow velocity decreased and the depth increased. The average turbulences in the vertical direction of the three tests were 8%, 14%, and 24%, respectively. The difference in the turbulence in the oscillation range (40 cm-80 cm) was small as well. In a word, it could be ensured that the incoming flow in the oscillation range of the prism was a uniform flow. 
Test Apparatus and Energy Conversion System
Test Apparatus
The test apparatus consisted of two parts: the oscillation system and the transmission system. The oscillation system included the frame, linear guide ways, side struts, spring carrier structure, and springs (shown in Figure 3 ). The frame was made of steel and was fixed in a moving car at the top of the 1-m wide flow channel. The linear guideways were attached onto the steel frame, parallel to the side struts and perpendicular to the flow velocity direction.
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The test apparatus consisted of two parts: the oscillation system and the transmission system. The oscillation system included the frame, linear guide ways, side struts, spring carrier structure, and springs (shown in Figure 3 ). The frame was made of steel and was fixed in a moving car at the top of the 1-m wide flow channel. The linear guideways were attached onto the steel frame, parallel to the side struts and perpendicular to the flow velocity direction. The transmission system included two side struts and a connective structure. The side struts, which were made of duralumin plate, were rigidly connected with the prism, which was immersed in the water. The connective structure was joined with the side struts and springs, and it was constrained to move on the linear guideways in a vertical direction by four linear bearings. Each side of the upper and the lower extensional springs was suspended vertically on the frame and the connection structure by the spring carrier structure.
Energy Conversion System
The rack was fixed into the transmission part that was connected to the rotor of the generator by the gears (shown in Figure 4 ). The linear motion of the prism was transferred to the rotational motion of the rotor. The generator was connected to the load resistances by the output wire, creating an electrical circuit. In this system, the mechanical energy of the prism was partly transformed to the electric energy of the generator and was dissipated by the load resistances. The transmission system included two side struts and a connective structure. The side struts, which were made of duralumin plate, were rigidly connected with the prism, which was immersed in the water. The connective structure was joined with the side struts and springs, and it was constrained to move on the linear guideways in a vertical direction by four linear bearings. Each side of the upper and the lower extensional springs was suspended vertically on the frame and the connection structure by the spring carrier structure.
The rack was fixed into the transmission part that was connected to the rotor of the generator by the gears (shown in Figure 4 ). The linear motion of the prism was transferred to the rotational motion of the rotor. The generator was connected to the load resistances by the output wire, creating an electrical circuit. In this system, the mechanical energy of the prism was partly transformed to the electric energy of the generator and was dissipated by the load resistances. 
T-Section Prisms
In the tests, the projection width of the T-section prism in the direction of the incoming flow (D) was 0.1 m, the prism length (L) was 0.9 m, the height of the prism cross-section (H) was 0.1 m, and the thickness (d) was 0.01 m. The prism was made of polymethyl methacrylate. A rectangular endplate was installed at both ends of the prism to reduce the effect of the boundary [30] . The thickness of the endplate was 0.01 m (shown in Figure 5 ). 
Test Methods and Sensors
Displacement, Frequency, and Voltage
The experimental study had two objectives. The first objective was to find the complete FIM responses of the T-section prism and to analyze the stability of each branch. The second aim was to estimate the energy conversion of the oscillation system in the complete FIM responses, and to investigate the influence of different aspect ratios on the power generation efficiency.
For oscillation characteristic tests, the main measurements were the displacements and frequencies of the prism. The displacements were tested by a magnetic induction displacement transducer with a direct current (DC) 24 V working voltage, which was supplied by external DC power. The testing range was 0-800 mm, with a sensitivity of 0.1% and an error range of ±0.05%.
For the power generation tests, the connection method for the load resistances is presented in Figure 6 . The minimum of the load resistances was 1 Ω, and the maximum was 50 Ω. In this study, 10 different load resistances were applied: 4 Ω, 8 Ω, 11 Ω, 13 Ω, 16 Ω, 18 Ω, 21 Ω, 31 Ω, 41 Ω, and 51 Ω. The experimental data was collected in the form of a voltage signal (shown in Figure 7 ) by the data acquisition system. The experimental study had two objectives. The first objective was to find the complete FIM responses of the T-section prism and to analyze the stability of each branch. The second aim was to estimate the energy conversion of the oscillation system in the complete FIM responses, and to investigate the influence of different aspect ratios on the power generation efficiency.
For the power generation tests, the connection method for the load resistances is presented in Figure 6 . The minimum of the load resistances was 1 Ω, and the maximum was 50 Ω. In this study, 10 different load resistances were applied: 4 Ω, 8 Ω, 11 Ω, 13 Ω, 16 Ω, 18 Ω, 21 Ω, 31 Ω, 41 Ω, and 51 Ω. The experimental data was collected in the form of a voltage signal (shown in Figure 7 ) by the data acquisition system. 
Active Power and Power Generation Efficiency
Active power (Pharn) and power generation efficiency (ηout) are the key parameters for evaluating the energy conversion capacity of the prism. In the tests, the system damping (ζ) was varied by changing the load resistances (RL) [34] . The output voltage (u) of the generator was measured by the data acquisition system, while Pharn and ηout of the system were calculated by the following equations: The experimental study had two objectives. The first objective was to find the complete FIM responses of the T-section prism and to analyze the stability of each branch. The second aim was to estimate the energy conversion of the oscillation system in the complete FIM responses, and to investigate the influence of different aspect ratios on the power generation efficiency.
Active power (Pharn) and power generation efficiency (ηout) are the key parameters for evaluating the energy conversion capacity of the prism. In the tests, the system damping (ζ) was varied by changing the load resistances (RL) [34] . The output voltage (u) of the generator was measured by the data acquisition system, while Pharn and ηout of the system were calculated by the following equations: 
Active power (P harn ) and power generation efficiency (η out ) are the key parameters for evaluating the energy conversion capacity of the prism. In the tests, the system damping (ζ) was varied by changing the load resistances (R L ) [34] . The output voltage (u) of the generator was measured by the data acquisition system, while P harn and η out of the system were calculated by the following equations:
Instantaneous power expression: Equations (1)-(3)
where P(t) is the instantaneous power, u(t) is the instantaneous voltage, and R L is the load resistance. The active power is written as:
where P harn is the active power and T is a period of oscillation. The power generation efficiency is derived as:
where η out is the power generation efficiency and P w is the total power in the fluid, which is written as:
where ρ is the water density, U is the incoming flow velocity, D is the projection width of the T-section prism in the direction of the incoming flow, and L is the prism length.
Calibration of Stiffness and Damping
A simple physical spring system designed by Xiang Yan et al. [36] was adopted to implement the stiffness of the system. First, free decay tests [35] with different spring stiffness values in the air were conducted to obtain the natural frequency (f n ) of the experimental system.
The stiffness (K) of the system varied from 800 to 1600 N/m. For each K, free decay tests were performed six times for the respective cases in air. f n was then calculated using a simple averaging method. The test results are shown in Table 1 . In these tests, the damping (C total ) of the experimental system was equal to the mechanical damping (C m ). The damping errors of different stiffnesses were within the allowable ranges of the tests (the average was ±5%). The damping ratio (ζ total ) of the test results could be determined by using the logarithmic decrement method, which is expressed as:
where A i is the amplitude of the ith peak and ζ total is the damping ratio of the experimental system. The C total of the oscillation system can be calculated as:
where K is the system stiffness, C total is the damping of the oscillation system, and m osc is the system mass.
The FIM responses of the T-section prism with different ζ total are described in this section. The ζ total of the system is varied by changing R L , and the parameters are shown in Table 2 . 
Results and Discussion
Vibration Characteristic Analysis
Amplitudes and Frequencies
To explore the FIM performances of the T-section prism in water, a series of FIM tests with 10 different R L were carried out at K = 1400 N/m (as seen in Section 2.4). In Figure 8a , A* is the amplitude ratio (A* = A/D), A denotes the average amplitude of continuous oscillation for 30 s, D is the projection width of the T-section prism in the direction of the incoming flow, U r is the reduced velocity (U r = U/(D·f n )), U is the incoming flow velocity, and f n is the natural frequency in air. In Figure 8b , f* is the frequency ratio (f* = f osc /f n ), and f osc is the main frequency of oscillation obtained from the displacement time-history curves by the Fast Fourier Transformation (FFT) method. A* and f* vary with U r ; U and the Reynolds number Re for all R L cases are plotted in Figures 8-11 , respectively. where K is the system stiffness, Ctotal is the damping of the oscillation system, and mosc is the system mass.
The FIM responses of the T-section prism with different ζtotal are described in this section. The ζtotal of the system is varied by changing RL, and the parameters are shown in Table 2 . 
Results and Discussion
Vibration Characteristic Analysis
Amplitudes and Frequencies
To explore the FIM performances of the T-section prism in water, a series of FIM tests with 10 different RL were carried out at K = 1400 N/m (as seen in Section 2.4). In Figure 8a , A* is the amplitude ratio (A* = A/D), A denotes the average amplitude of continuous oscillation for 30 s, D is the projection width of the T-section prism in the direction of the incoming flow, Ur is the reduced velocity (Ur = U/(D·fn)), U is the incoming flow velocity, and fn is the natural frequency in air. In Figure 8b , f* is the frequency ratio (f* = fosc/fn), and fosc is the main frequency of oscillation obtained from the displacement time-history curves by the Fast Fourier Transformation (FFT) method. A* and f* vary with Ur; U and the Reynolds number Re for all RL cases are plotted in Figures 8-11 , respectively. (1) VIV: For RL = 4 Ω (ζ = 0.347), the T-section prism was only characterized by the typical VIV in the range of 4.75 ≤ Ur ≤ 12.25 (shown in Figure 8 ), and the prism did not present any signs of (1) VIV: For RL = 4 Ω (ζ = 0.347), the T-section prism was only characterized by the typical VIV in the range of 4.75 ≤ Ur ≤ 12.25 (shown in Figure 8 ), and the prism did not present any signs of (1) VIV: For RL = 4 Ω (ζ = 0.347), the T-section prism was only characterized by the typical VIV in the range of 4.75 ≤ Ur ≤ 12.25 (shown in Figure 8) , and the prism did not present any signs of (1) VIV: For R L = 4 Ω (ζ = 0.347), the T-section prism was only characterized by the typical VIV in the range of 4.75 ≤ U r ≤ 12.25 (shown in Figure 8 ), and the prism did not present any signs of galloping. For 4.75 ≤ U r ≤ 7.25, A* and f* were small but increased rapidly, indicating that the prism underwent the VIV initial branch. The motion of the prism was induced by vortex shedding, but the oscillation and vortex shedding were not synchronized well. For 7.25 ≤ U r ≤ 9.125, A* stayed at 0.35, and f* increased sharply and was maintained at approximately 1. The oscillation entered the VIV upper branch (lock-in range), which was more stable than the VIV initial branch. For U r ≥ 9.125, A* rapidly collapsed down to about 0.1, and f* increased rapidly to a high level (f* >> 1). In this range, the oscillation and vortex shedding were not synchronized well, demonstrating that the prism underwent the VIV lower branch.
(2) HG: For 8 Ω ≤ R L ≤ 13 Ω (0.208 ≤ ζ ≤ 0.305), two modes of motion could be observed in the response of the prism (shown in Figure 9 ). If the prism oscillated freely (without any external forces acting on the prism), the prism underwent complete VIV responses as U r increased or decreased in the range of 4.75 ≤ U r ≤ 12.25. However, when U r decreased from 12.25 and the prism was manually pushed by a threshold initial displacement (exceeding 1 × D), the prism first entered the galloping branch, accompanied by a large amplitude (A* ≈ 2.3) and a stable frequency (f* = 0.7). As U r decreased, A* decreased gradually and the oscillation was still in the galloping branch. When U r reached 11-11.625, the oscillation was suddenly suppressed, and the oscillation mode transformed from galloping to VIV (lower branch), accompanied by a sudden collapse in A* from 1.8 to 0.2, and a sudden jump in f* from 0.7 to 1. It was concluded that the prism cannot be self-excited from VIV to galloping in any case, without any external conditions (such as a threshold initial displacement) or forces acting on the prism, no matter whether the velocity decreases or increases, demonstrating that the prism experiences HG responses in these cases.
(3) Critical galloping (CG): For R L = 16 Ω (ζ = 0.177), the system presented both complete VIV responses and galloping while the two branches intersected (shown in Figure 10 ). When U r increased from 4.75 to 12.25, the prism experienced a VIV initial branch, a VIV upper branch, and a VIV lower branch. If a threshold initial displacement was applied at U r = 12.25, the oscillation was suddenly enhanced, and the oscillation mode dramatically transformed from VIV (initial branch) to galloping, accompanied by a sudden jump in A* from 0.08 to 2.12 as well as a sudden collapse in f* from 1.35 to 0.68. Afterwards, the oscillation entered the galloping branch. A* gradually decreased, with the decrease of U r , and f* was maintained at about 0.7. No oscillation suppression phenomena occurred until the oscillation underwent the VIV upper branch where the intersection point was U r = 9.125. However, at U r ≥ 9.125, galloping could be induced by external excitation. This condition is actually a critical oscillation mode between HG and SG, which can be referred to as "critical galloping" (CG).
(4) SG. For 18 Ω ≤ R L ≤ 51 Ω (0.115 ≤ ζ ≤ 0.165), two modes of motion were observed in the responses of the prism. If the prism oscillated freely (without any external forces acting on the prism), the T-section prism experienced the VIV initial branch, followed by the VIV-galloping transition branch, and ended with the galloping branch (shown in Figure 11 ). In the range of 4.75 ≤ U r ≤ 6.625, A* and f* were small but increased rapidly, indicating that the prism underwent the VIV initial branch. In the range of 6.625 ≤ U r ≤ 9.125, A* continued to grow with a strong uptrend to 1.5, while f* decreased to about 0.7 with a slight downward trend. For U r ≥ 9.75, A* continued to increase up to 2.36, while f* almost remained at 0.7. The oscillation underwent the fully developed galloping branch. On the other hand, at U r = 12.25, external suppression was applied to the prism; thus, the oscillation presented a low A* ≈ 0.2 and a high f* ≈ 1.4, the system experienced the VIV lower branch until U r ≤ 10.375, and the oscillation mode returned to galloping. For 6.625 ≤ U r ≤ 10.375, the oscillation was self-excited from VIV to galloping (regardless of whether the velocity increased or decreased). If U r continued to increase, the oscillation would be maintained within the range of galloping. For U r ≥ 10.375, if there was an external suppression, the oscillation would be converted to the VIV lower branch and could not be self-excited to galloping.
It can be concluded that the oscillation responses of the T-section prism were similar to those of the triangular prism and the PTC circular cylinder. The occurrence conditions of different FIM branches of the T-section prism are listed in Table 3 . 
Time-History and Frequency Spectrum of Each Branch
In order to explore the oscillation characteristics of each branch, four typical time-history curves and frequency spectra are depicted in this section (plotted in Figures 12 and 13) . The physical parameters of the oscillation system are listed in Table 4 . 
In order to explore the oscillation characteristics of each branch, four typical time-history curves and frequency spectra are depicted in this section (plotted in Figures 12 and 13) . The physical parameters of the oscillation system are listed in Table 4 . Figure 12a . It was observed that the minimum of the positive displacement was 2.82 mm, the maximum was 28.84 mm, and the difference between the maximum and minimum was 1.25A (A = 16 mm), indicating that the amplitude was low and the oscillation was unstable.
As Ur reached 8.5, the oscillation mode entered the VIV upper branch, as shown in Figure 12b . It was observed that the minimum of the positive displacement was 65.07 mm, the maximum was 89.33 mm, and the difference between the maximum and minimum was 0.31A (A = 78 mm). Moreover, the prism underwent a more stable oscillation, although there was a certain fluctuation response amplitude.
For Ur = 12.25, it was observed that the minimum of the positive displacement was 1.17 mm, the maximum was 33.50 mm, and the difference between the maximum and minimum was 4.04A (A = 8 mm). The oscillation amplitude fluctuation was large and the performance was very unstable, as shown in Figure 12c , demonstrating that the prism underwent the VIV lower branch.
For Ur = 12.25 (galloping branch), the minimum of the positive displacement was 182.56 mm, the maximum was 228.34 mm, and the difference between the maximum and minimum was 0.21A (A = 212 mm), indicating that the oscillation amplitude was large and the fluctuation was small, as shown in Figure 12d .
Both stability and amplitude are key parameters for energy harvesting. Thus, the galloping branch is the most suitable branch for energy extraction and utilization.
(2) Frequency Spectrum The frequency spectrum is important for describing the oscillation characteristics and mechanical energy. The oscillation frequency of the prism was extracted by using the FFT method from the displacement time-history curves (shown in Figure 13 ). Figure 13a plots the frequency spectrum of the complete VIV branch and Figure 13b plots the frequency spectrum of the galloping branch, while the trends of fn and fosc are marked by dashed lines. (1) Time-History For U r = 5.375, the prism underwent the VIV initial branch. The time-history curve of the displacement is shown in Figure 12a . It was observed that the minimum of the positive displacement was 2.82 mm, the maximum was 28.84 mm, and the difference between the maximum and minimum was 1.25A (A = 16 mm), indicating that the amplitude was low and the oscillation was unstable.
As U r reached 8.5, the oscillation mode entered the VIV upper branch, as shown in Figure 12b . It was observed that the minimum of the positive displacement was 65.07 mm, the maximum was 89.33 mm, and the difference between the maximum and minimum was 0.31A (A = 78 mm). Moreover, the prism underwent a more stable oscillation, although there was a certain fluctuation response amplitude.
For U r = 12.25, it was observed that the minimum of the positive displacement was 1.17 mm, the maximum was 33.50 mm, and the difference between the maximum and minimum was 4.04A (A = 8 mm). The oscillation amplitude fluctuation was large and the performance was very unstable, as shown in Figure 12c , demonstrating that the prism underwent the VIV lower branch.
For U r = 12.25 (galloping branch), the minimum of the positive displacement was 182.56 mm, the maximum was 228.34 mm, and the difference between the maximum and minimum was 0.21A (A = 212 mm), indicating that the oscillation amplitude was large and the fluctuation was small, as shown in Figure 12d .
(2) Frequency Spectrum The frequency spectrum is important for describing the oscillation characteristics and mechanical energy. The oscillation frequency of the prism was extracted by using the FFT method from the displacement time-history curves (shown in Figure 13 ). Figure 13a plots the frequency spectrum of the complete VIV branch and Figure 13b plots the frequency spectrum of the galloping branch, while the trends of f n and f osc are marked by dashed lines. For 4.75 ≤ U r ≤ 6.625, the prism underwent the VIV initial branch, and the frequency band was wider and exhibited double peaks in the frequency spectrum, revealing that periodicity of oscillation and mechanical energy was poor.
In the range of 6.625 ≤ U r ≤ 9.125, the prism entered the VIV upper branch, the frequency band became narrower, and the main frequency was clearly observed. The periodicity of oscillation was significantly enhanced, the prism oscillated more stably, and the main frequency was concentrated at 0.88 Hz.
For U r ≥ 9.125, two modes of oscillation were observed. When the prism oscillated freely (without external excitation), the prism went into the VIV lower branch, the main frequency was not obvious, the frequency band widened, and the energy was very dispersed.
On the other hand, if the prism was manually pushed by a threshold initial displacement (exceeding 1 × D), the prism entered the galloping branch with a narrowed frequency band and evident first dominant frequency, as shown in Figure 13b . It was noted that in the galloping branch, the oscillation was mainly caused by the instability of the lift force due to the T-section prism with sharp sections. Because of the lower energy and the higher frequency of the vortex shedding, the effect of vortex shedding on the prism was weaker, resulting in the second and third dominant frequencies being hardly observed in the frequency spectrum.
The conclusions of the time-history curves and frequency spectra are as follows: (1) different fluctuations are observed in each branch-the VIV upper branch and the galloping branch have higher amplitudes and more stable oscillations; (2) the VIV upper branch and the galloping branch have a better periodicity and frequency spectrum. In summary, the VIV upper branch and the galloping branch are more suitable for energy harvesting, but the galloping branch is better (shown in Table 5 ). The specific findings are listed as follows:
(1) With an increase of damping (decrease in load resistances), the T-section prism oscillation mode gradually changes from SG (0.115 ≤ ζ ≤ 0.165, 18 Ω ≤ R L ≤ 51 Ω) to CG (ζ = 0.177, R L = 16 Ω), and eventually to HG (0.208
The oscillation mode of SG, HG, and CG all contain VIV branches and galloping branches, the only difference being whether these can be self-excited from VIV to galloping.
(2) The analysis of the displacement time-history curves and the frequency spectra demonstrates that the stability and intensity of the VIV upper branch and the galloping branch are both better-performing, and that the maximum amplitude of the galloping branch is larger. It can be concluded that at a high velocity (U r ≥ 10.375, U ≥ 1.128 m/s) the galloping branch is better for harvesting energy, and at a lower velocity (6.625 ≤ U r ≤ 9.125, 0.720 ≤ U ≤ 0.992 m/s) the VIV upper branch is better. Power generation with different load resistances will be presented in the next section.
Power Generation Analysis
Active Power Analysis
The variations of active power P harn of the generator versus incoming flow velocity U, reduced flow U r , and Reynolds number Re are plotted in Figure 14 . P harn is the average of the instantaneous power under continuous oscillation for 30 s. For U r ≥ 6, the oscillation system started to output electrical energy and P harn was smaller, as the system experienced the complete VIV responses and the P harn did not exceed 5 W. As galloping occurred, P harn increased to over 20 W. The details are described as follows:
(1) For 18 Ω ≤ R L ≤ 51 Ω, SG occurred. As U r increased, the prism experienced the VIV initial branch, the VIV-galloping transition branch, and the galloping branch. P harn monotonically increased with U r and the maximum P harn appeared at the galloping branch (P harn,max = 13 W, R L = 18 Ω, U r = 12.25). It was noted that the higher the U r , the lower the R L , and the more energy was converted.
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the Pharn did not exceed 5 W. As galloping occurred, Pharn increased to over 20 W. The details are described as follows:
(1) For 18 Ω ≤ RL ≤ 51 Ω, SG occurred. As Ur increased, the prism experienced the VIV initial branch, the VIV-galloping transition branch, and the galloping branch. Pharn monotonically increased with Ur and the maximum Pharn appeared at the galloping branch (Pharn,max = 13 W, RL = 18 Ω, Ur = 12.25). It was noted that the higher the Ur, the lower the RL, and the more energy was converted. (ii) An external excitation was applied to the prism. At Ur = 12.25, if the threshold initial displacement was applied to the prism, the oscillation directly jumped into the galloping branch. As Ur decreased, Pharn dropped rapidly. In the present tests, the maximum Pharn was 21.23 W (U = 1.332 m/s, Re = 116396, RL = 8 Ω). The maximum Pharn was close and it was slightly lower than that of the PTC circular cylinder (Pharn,max = 23.54 W), as reported by Lin, D [44] .
(3) For RL = 4 Ω, only VIV branches were observed. The variation of Pharn versus Ur for RL = 4 Ω was similar to those for 8 Ω ≤ RL ≤ 16 Ω in VIV branches. Within the test flow velocity range, the prism did not experience any forms of galloping. The maximum Pharn was 2.5 W at Ur = 8.5 (VIV upper branch).
Efficiency Analysis
The variations of efficiency ηout versus incoming flow velocity U, reduced flow Ur, and Reynolds number Re are plotted in Figure 15 . ηout was calculated using Equation (3) (shown in Section 2.3). The prism only experienced VIV branches. P harn rose with the increase of U r at the VIV initial branch and at the VIV upper branch (P harn,max = 3.92 W, R L = 16 Ω, U r = 9.125). Afterwards, P harn decreased to lower than 1 W, as U r rose up to 12.25 in the VIV lower branch.
(ii) An external excitation was applied to the prism. At U r = 12.25, if the threshold initial displacement was applied to the prism, the oscillation directly jumped into the galloping branch. As U r decreased, P harn dropped rapidly. In the present tests, the maximum P harn was 21.23 W (U = 1.332 m/s, Re = 116396, R L = 8 Ω). The maximum P harn was close and it was slightly lower than that of the PTC circular cylinder (P harn,max = 23.54 W), as reported by Lin, D [44] .
(3) For R L = 4 Ω, only VIV branches were observed. The variation of P harn versus U r for R L = 4 Ω was similar to those for 8 Ω ≤ R L ≤ 16 Ω in VIV branches. Within the test flow velocity range, the prism did not experience any forms of galloping. The maximum P harn was 2.5 W at U r = 8.5 (VIV upper branch).
The variations of efficiency η out versus incoming flow velocity U, reduced flow U r , and Reynolds number Re are plotted in Figure 15 . η out was calculated using Equation (3) (shown in Section 2.3). It was observed that ηout did not exceed 9% in VIV branches (whether in SG or HG responses). The corresponding load resistance was RL = 16 Ω and the corresponding velocity was Ur = 9.125 (U = 0.992 m/s, Re = 86703). On the contrary, the maximum ηout reached 20.2% in the galloping branch, which was close to the test results of the smooth (22%) and the PTC (28%) circular cylinders. The corresponding load resistance was RL = 8 Ω, and the corresponding velocity was Ur = 11.625 (U = 1.264 m/s, Re = 110458). It is concluded that the energy conversion efficiency in the galloping branch is much higher than that of the VIV branches for the T-section prism.
In addition, in most of the galloping branches, especially for small load resistances (RL < 31) or high damping ratios (ζ > 0.127), a slight declining trend was observed for Ur exceeding 11.625 in the present tests. It was indicated that Ur = 11.625 was the optimal velocity.
Stability Analysis
In order to describe the power generation stability of each oscillation branch, the instantaneous voltage time-history curves and instantaneous power time-history curves of four oscillation branches are discussed in this section (shown in Figures 16 and 17) . It was observed that η out did not exceed 9% in VIV branches (whether in SG or HG responses). The corresponding load resistance was R L = 16 Ω and the corresponding velocity was U r = 9.125 (U = 0.992 m/s, Re = 86703). On the contrary, the maximum η out reached 20.2% in the galloping branch, which was close to the test results of the smooth (22%) and the PTC (28%) circular cylinders. The corresponding load resistance was R L = 8 Ω, and the corresponding velocity was U r = 11.625 (U = 1.264 m/s, Re = 110,458). It is concluded that the energy conversion efficiency in the galloping branch is much higher than that of the VIV branches for the T-section prism.
In addition, in most of the galloping branches, especially for small load resistances (R L < 31) or high damping ratios (ζ > 0.127), a slight declining trend was observed for U r exceeding 11.625 in the present tests. It was indicated that U r = 11.625 was the optimal velocity.
In order to describe the power generation stability of each oscillation branch, the instantaneous voltage time-history curves and instantaneous power time-history curves of four oscillation branches are discussed in this section (shown in Figures 16 and 17) . It was observed that ηout did not exceed 9% in VIV branches (whether in SG or HG responses). The corresponding load resistance was RL = 16 Ω and the corresponding velocity was Ur = 9.125 (U = 0.992 m/s, Re = 86703). On the contrary, the maximum ηout reached 20.2% in the galloping branch, which was close to the test results of the smooth (22%) and the PTC (28%) circular cylinders. The corresponding load resistance was RL = 8 Ω, and the corresponding velocity was Ur = 11.625 (U = 1.264 m/s, Re = 110458). It is concluded that the energy conversion efficiency in the galloping branch is much higher than that of the VIV branches for the T-section prism.
In order to describe the power generation stability of each oscillation branch, the instantaneous voltage time-history curves and instantaneous power time-history curves of four oscillation branches are discussed in this section (shown in Figures 16 and 17) . Figure 16b ,d. The reason for this was that the two branches had better oscillation stability. In addition, the instantaneous power of the galloping branch was much higher and the quality of the output energy was better.
In order to further discuss the stability of the harnessed power, the difference coefficient C v was introduced as follows:
where σ p is the square deviation of all peak powers, and P harn,max is the average of all peak powers. It was noted that a higher C v corresponded to a more unstable power output; otherwise, it corresponded to a more stable power output. The power generation difference coefficient C v was calculated based on Equation (6), and is shown in Figure 18 . In different branches, the stability of the oscillation was quite different. The performances are described as follows: Figure 16b ,d. The reason for this was that the two branches had better oscillation stability. In addition, the instantaneous power of the galloping branch was much higher and the quality of the output energy was better. In order to further discuss the stability of the harnessed power, the difference coefficient Cv was introduced as follows:
where P σ is the square deviation of all peak powers, and harn ,max P is the average of all peak powers.
It was noted that a higher Cv corresponded to a more unstable power output; otherwise, it corresponded to a more stable power output. The power generation difference coefficient Cv was calculated based on Equation (6), and is shown in Figure 18 . In different branches, the stability of the oscillation was quite different. The performances are described as follows: For 4.75 ≤ Ur ≤ 6.625, the value of Cv exceeded 20 due to the unstable oscillation in the VIV initial branch, indicating that the power generation stability was poor. For 6.625 ≤ Ur ≤ 9.125, as Ur increased, Cv dropped to lower than 10 and remained almost stable due to the stable oscillation of the prism. This indicated that the stability of the power output was good at the VIV upper branch. For 9.125 ≤ Ur ≤ 12.25, two performances of Cv could be observed. In the VIV lower branch, Cv increased rapidly and exceeded over 100 at Ur = 11.625. This indicated that the power output was more unstable than any branches, due to the poor oscillation of the prism. On the contrary, in the galloping branch, Cv remained at approximately 10, indicating that the power output was perfectly stable due to the perfectly stable oscillation of the prism.
It is concluded that the galloping branch was the best of all FIM branches to obtain a stable power output. The results of the FIM power generation are summarized in Table 6 . For 4.75 ≤ U r ≤ 6.625, the value of C v exceeded 20 due to the unstable oscillation in the VIV initial branch, indicating that the power generation stability was poor. For 6.625 ≤ U r ≤ 9.125, as U r increased, C v dropped to lower than 10 and remained almost stable due to the stable oscillation of the prism. This indicated that the stability of the power output was good at the VIV upper branch. For 9.125 ≤ U r ≤ 12.25, two performances of C v could be observed. In the VIV lower branch, C v increased rapidly and exceeded over 100 at U r = 11.625. This indicated that the power output was more unstable than any branches, due to the poor oscillation of the prism. On the contrary, in the galloping branch, C v remained at approximately 10, indicating that the power output was perfectly stable due to the perfectly stable oscillation of the prism.
It is concluded that the galloping branch was the best of all FIM branches to obtain a stable power output. The results of the FIM power generation are summarized in Table 6 . Different cross-section ratios (α) can significantly influence the angle of attack and lift force, resulting in different performances by the FIM responses and the energy conversion of the T-section prism [43] .
In this section, five tests for different α values were conducted. The five α values were 0.8, 0.9, 1, 1.2, and 1.5. In addition, the physical parameters of the system were summarized as: m osc = 29.521 kg, K = 1200 N/m, and R L = 16 Ω. The variation of amplitude ratio A* and the efficiency of η out versus the reduced velocity U r , the incoming flow velocity U, and the Reynolds number Re for the five α cases are plotted in Figures 19 and 20 . Different cross-section ratios (α) can significantly influence the angle of attack and lift force, resulting in different performances by the FIM responses and the energy conversion of the T-section prism [43] .
In this section, five tests for different α values were conducted. The five α values were 0.8, 0.9, 1, 1.2, and 1.5. In addition, the physical parameters of the system were summarized as: mosc = 29.521 kg, K = 1200 N/m, and RL = 16 Ω. The variation of amplitude ratio A* and the efficiency of ηout versus the reduced velocity Ur, the incoming flow velocity U, and the Reynolds number Re for the five α cases are plotted in Figures 19 and 20 . From the previous results of this paper, it was found that the T-section prism could not be selfexcited from VIV to galloping at high damping conditions with α = 1. In Figure 19a , for ζ = 0.347, only SG occurred at α = 1.5. For the prisms of other α values forced by initial displacement, HG occurred at a high velocity.
In Figure 19b ,c, for ζ = 0.305 and ζ = 0.246 in the prisms of α = 1.5 and α = 1.2, SG was observed, while in the prisms of other α, HG was observed with external excitation. In Figure 19d , for ζ = 0.177, SG occurred under all conditions. For 1.2 ≤ α ≤ 1.5, the VIV lower branch could not be observed with external suppression. Based on these results, it can be concluded that a higher α value is more likely to cause SG under the same conditions. The rise of α is beneficial to the development of the oscillation mode from HG to SG. In addition, A* decreases with the increase of α. Therefore, a reasonable α must be selected to ensure good oscillation characteristics, as well as to guarantee better electrical energy resources. Figure 20 presents the variation of the ηout with the five α values, which can be summarized as follows. In the present tests, T-section prisms with a higher α have a good advantage at high damping conditions in terms of oscillation, but their performances in power generation efficiency are not very prominent. On the contrary, the prisms with smaller α show a more outstanding power generation advantage (shown in Figure 20) . In Figure 20a , for RL = 4 Ω, the maximum ηout rises up to 27.44%, which is approximately the maximum ηout (28%) of the PTC circular cylinder. In Figure 20b -d, it can be concluded that regardless of both high damping and low damping conditions, a smaller α shows From the previous results of this paper, it was found that the T-section prism could not be self-excited from VIV to galloping at high damping conditions with α = 1. In Figure 19a , for ζ = 0.347, only SG occurred at α = 1.5. For the prisms of other α values forced by initial displacement, HG occurred at a high velocity.
Effects of Aspect Ratios on Energy Conversion
In Figure 19b ,c, for ζ = 0.305 and ζ = 0.246 in the prisms of α = 1.5 and α = 1.2, SG was observed, while in the prisms of other α, HG was observed with external excitation. In Figure 19d , for ζ = 0.177, SG occurred under all conditions. For 1.2 ≤ α ≤ 1.5, the VIV lower branch could not be observed with external suppression. Based on these results, it can be concluded that a higher α value is more likely to cause SG under the same conditions. The rise of α is beneficial to the development of the oscillation mode from HG to SG. In addition, A* decreases with the increase of α. Therefore, a reasonable α must be selected to ensure good oscillation characteristics, as well as to guarantee better electrical energy resources. Figure 20 presents the variation of the η out with the five α values, which can be summarized as follows. In the present tests, T-section prisms with a higher α have a good advantage at high damping conditions in terms of oscillation, but their performances in power generation efficiency are not very prominent. On the contrary, the prisms with smaller α show a more outstanding power generation advantage (shown in Figure 20) . In Figure 20a , for R L = 4 Ω, the maximum η out rises up to 27.44%, which is approximately the maximum η out (28%) of the PTC circular cylinder. In Figure 20b -d, it can be concluded that regardless of both high damping and low damping conditions, a smaller α shows a better power generation efficiency in the galloping branch. The oscillation enters the VIV lower branch, resulting in a significant decrease in η out .
In summary, the optimal aspect ratio should be designed based on the oscillation branch and the flow conditions, in order to ensure reasonable energy utilization. For high stable flow velocities, the smaller the α value, the stronger the electric power conversion capacity. For widely variable flow velocities, a higher α is suitable for extracting oscillation energy from a T-section prism within a certain range of the test.
Conclusions
(1) The HG and SG of a T-section prism with external excitation are similar to those of a triangular prism. With a decrease in load resistances, the SG of the T-section prism gradually transforms to CG, and finally HG occurs. The oscillation modes of SG, HG, and CG all contain VIV branches and a galloping branch. The only difference is whether these can be self-excited from VIV to galloping. The T-section prism exhibits good stability and high intensity in the galloping branch, which is beneficial for energy extraction and utilization.
(2) The galloping branch of the T-section prism presents an efficient and stable power output in the tests. There is an optimal power generation resistance R L of 8 Ω, an optimum damping ratio ζ total of 0.305, a maximum power generation P harn of 21.23 W at U r = 12.25, and a maximum power generation efficiency η out of 20.2% at U r = 11.625. Compared with the test results of the smooth circular cylinder and the PTC circular cylinder, η out of the smooth circular cylinder is 22% [39] and the efficiency of the PTC circular cylinder is higher, at η out = 28% and P harn = 23.54 W [44] . In addition, the maximum η out of the T-section prism with α = 0.8 is 27.44%, and it can be concluded that the T-section prism has great potential for power generation.
(3) In the present tests with aspect ratios from 0.8 to 1.5, the smaller section aspect ratio shows a stronger ability to convert electrical energy. The aspect ratio has a great influence on the energy collection for the T-section prism. Thus, it is necessary to optimize the section aspect ratio of the prism to enhance the power generation efficiency. Acknowledgments: All workers from the State Key Laboratory of Hydraulic Engineering Simulation and Safety of Tianjin University are acknowledged. The authors are also grateful for the assistance of the editor and three anonymous reviewers for their professional and pertinent comments and suggestions, which were greatly helpful for further quality improvement of this manuscript.
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Abbreviations
D
Projection width of the prism in the direction of the incoming flow H Height of the T-section prism cross-section L Prism length 
